INTRODUCTION
Attaching and effacing (A/E) pathogens attach to enterocytes of their hosts, efface infected cell microvilli and produce diarrhoea in susceptible animals, including humans and mice. It has been well established that these pathogens use bacterially derived effector proteins to alter the normal functions of organelles and tight junctions both in vitro and in vivo.
1e3 Gap junctions are key structures for the normal physiological function of tissues as they provide intercellular conduits for the movement of molecules up to 1 kDa. Connexon channels arise from the joining of two connexon hemichannels from adjacent cells. Connexin protein distribution and post-translational modifications form and regulate gating of the connexons. Much interest has focused on the function of unpaired connexon hemichannels in recent years. 4e6 Although currently unexplored, the presence of functionally open connexon hemichannels in colonocytes could contribute to the observed release of small molecules, such as ions and other electrolytes during A/E bacterial infections 7e9 and through their release, this could influence diarrhoea generation.
The A/E human specific pathogens enterohaemorrhagic Escherichia coli and enteropathogenic E coli cause significant alterations to infected human cells, but do not effectively cause disease in small animals. 10 However, the natural murine A/E pathogen, Citrobacter rodentium, has a very similar set of virulence factors and mimics the phenotypes of these human pathogens in mice. Thus, it is considered a relevant animal infection model to study A/E pathogen mediated disease.
11e13
To determine the role of connexons during A/E infections and to examine if connexins influence diarrhoeal disease, we used the C rodentium murine model of A/E pathogenesis. We found that connexin43 (Cx43) protein levels are increased in infected colonocytes, resulting in the localisation of Cx43 both at the lateral and apical cell membranes. The apically located Cx43 generates functional connexon hemichannels. By using genetically altered Cx43 heterozygotic mice, we show that mice infected with C rodentium do not suffer from the diarrhoeal characteristic of wild-type murine infections. This work provides the first evidence for the presence of connexon hemichannels in the intestine and provides a novel molecular mechanism involved in the generation of infectious diarrhoea.
MATERIALS AND METHODS Murine infections
C57/BL6 mice were purchased from Charles River Laboratories (Senneville, Quebec, Canada). Upon arrival at the University of British Columbia Animal Care Centre, animals were allowed to recover from transport for 4 days prior to oral infections with 4e5310 8 C rodentium. Bacteria used for infections have been previously described 11 3). Tissue sections were treated with 5% normal goat serum (NGS) for 20 min then incubated overnight at 48C with a rabbit anti-connexin43 antibody (Sigma-Aldrich, Oakville, Ontario, Canada) used at 46.7 mg/ml in 1% NGS in PBS containing 0.05% Tween-20 and 0.1% BSA. Sections were washed and incubated at 378C with a goat anti-rabbit antibody conjugated to Alexa Fluor 568 (Invitrogen, Burlington, Ontario, Canada). Tissues were again washed then mounted using Vectashield Hard-Set with DAPI (Vector Laboratories, Burlingame, Ontario, Canada). Tissue was visualised using a Zeiss Axiophot microscope fitted with the appropriate optics for phase and fluorescent microscopy (Carl Zeiss, Oberkochen, Germany). Primary antibody controls consisted of replacing the primary antibody with normal rabbit IgG. During some experiments, antibodies were pre-cleared to decrease nonspecific bacterial staining. To pre-clear the Cx43 antibodies, 1 ml of live wild-type C rodentium were pelleted, fixed for 20 min with 500 ml of 3% paraformaldehyde in PBS at room temperature, and then washed six times with PBS at 15 min intervals. The C rodentium was pelleted and resuspended for 2 h at room temperature with the Cx43 antibody, prepared at the concentration described above, prior to retrieving the Cx43 antibody.
Lucifer yellow labelling
To test if gap junction hemichannels were functionally open during C rodentium infection, Lucifer Yellow CH, lithium salt (Invitrogen, Burlington, Ontario, Canada), a gap junction permeable tracer molecule, was diluted to 0.1 mg/ml in 150 mmol l À1 LiCl and 10 mmol l À1 HEPES (pH 7.2). Lucifer Yellow (100e150 ml, at room temperature) was injected into the inside of the distal colons of mice immediately following euthanisation using a blunt-end 22 gauge needle attached to a 1 ml syringe, for precisely 3.5 min. The most distal 1 cm of the colon rostral to the needle was removed and placed in 3% paraformaldehyde for 3 h then washed three times, 10 min each wash, in PBS prior to frozen sectioning. The tissue was then stained with 4 9 -diamidine-2 9 -phenolindol dihydrochloride (DAPI) and mounted with Vectashield (Vector Laboratories, Burlingame, California, USA).
Connexin43 animals
The Cx43 null mutant mice were obtained from Dr Jerry Kidder (UWO, London, Ontario). The generation of the Cx43 null mutant has been described previously by Reaume et al. 22 The Cx43 null mutant was maintained as a heterozygote (Het) genotype; in other words, one allele is deleted and the other is normal Cx43. Mice were maintained in an animal facility with a 12:12-h light:dark cycle, and were provided with food and water ad libitum. Mating of the mice was performed as follows: two female mice were placed into a cage with a male and once the females exhibited weight gain indicating pregnancy, the females were removed to new cages. To obtain litters with both wild-type and het pups in terms of Cx43, either the male or females needed to be Het while the opposite sex was wild-type.
Genotype analysis by PCR
At 4 weeks of age the mice were genotyped by a modified procedure outlined previously. 14 Briefly, ear punches were collected from each mouse and digested in 200 ml of a solution containing 0.1 mol l À1 Tris-HCl pH 7.5, 5 mmol l À1 EDTA, 0.2 mol l À1 NaCl, 0.2% SDS and 80 mg of Proteinase K overnight at 588C. The genomic DNA was precipitated with equal volume of isopropanol and pelleted which was followed by one wash with 70% ethanol and dried. The DNA pellet was resuspended in 50 ml of TE buffer pH 8.0 (10 mmol l À1 Tris-HCl and 1 mmol l À1 EDTA) overnight at 588C. PCR was preformed using the Platinium Tag protocol and ingredients purchased from Invitrogen. The PCR conditions were followed as outlined previously by Reaume et al. 22 To detect the deleted Cx43 (Cx43 À ) allele, a normal 3 9 primer C (5 9 -ACT TTT GCC GCC GCC TAG CTA TCC C-3 9 ) and neo 5 9 primers (5 9 -GCT TGC CGA ATA TCA TGG TGG A-3 9 ) were used to generate a product of 1 kb for the deleted amplicon. The wild-type allele was detected by using a normal 3 9 primer (5 9 -ACT TTT GCC GCC GCC TAG CTA TCC C-3 9 ) and the normal 5 9 primer (5 9 -CCCCACTCTCACC-TATGTCTCC-3 9 ), which generated an amplicon of 500 bp. The amplicons are separated on a 1.0% agarose gel in TAE buffer according to Reaume et al. 22 To determine the size of the amplicon, DNA standards (1 kb Plus DNA ladder, Invitrogen) were compared to the PCR products on the gel.
C rodentium colonisation, water content analysis and statistical analysis C rodentium colonisation analysis was conducted following 7 day C rodentium infections (described above) using both wild-type and Cx43 heterozygotic mice. Entire colons were excised and disrupted using a Mixermill 301 (Retsch, Haan, Germany).
Lysates were plated onto MacConkey agar plates and colony forming units assessed following overnight incubation at 378C.
Luminal water content was determined using previously described methods. 2 15 Statistical analysis consisted of unpaired, two-tailed T-tests. When colonisation levels were examined, an unpaired, two-tailed T-test with Welch's correction was applied. Means are presented 6 SEM. Significant differences were considered at p<0.05.
Additional materials and methods can be found in the Online Supplementary Materials.
RESULTS

Cx43 levels are increased and re-localised during A/E bacterial infections
To determine the effects that A/E bacterial infections have on connexons, we initially examined the overall protein levels of Cx43 in the murine colon. This protein is distributed in numerous organs and has been confirmed in colonocytes, the primary site of C rodentium infections. During infection, Cx43 Figure 4 Connexin mimetic peptides label infected colonocytes in vivo. Biotin-tagged GAP 26, GAP 26 scrambled (GAP 26S), GAP 27 and GAP 27 scrambled (GAP 27S) peptides were injected into the distal colons of 7-day infected mice. GAP 26 and GAP 27 peptides labelled infected colonocyte membranes, scrambled peptides did not. Arrowheads point to labelled membranes and attached bacteria, in the DAPI panels. Scale bar¼20 mm. DAPI,
protein levels in distal colon lysates increased more than threefold when compared to tissue lysates from uninfected mice and more than twofold when compared to DescN C rodentium infected mice (figure S1). EscN is the ATPase essential for type III secretion system effector delivery into host cells and consequently DescN C rodentium pass directly through the animal.
These mutant bacteria do not cause disease and were thus used as a negative control. To determine the cellular location of Cx43 during infection, we infected mice with wild-type bacteria for 7 days and then performed immunofluorescence microscopy of Cx43 on tissue sections. Cx43 antibodies localised to the characteristic lateral colonocyte boundaries in uninfected and DescN C rodentium infected mice ( figure 1) . Surprisingly, in wild-type C rodentium infections, Cx43 labelled both the lateral and apical cell boundaries (figure 1). The staining pattern was maintained only during active infection then returned to normal, as mice that cleared bacteria 21 days post infection displayed a normal Cx43 distribution (figure 2). The altered Cx43 staining pattern was also observed on colonocytes during all single effector C rodentium mutant infections tested (including DespF, DespG, DespH, Dmap, DnleC, DnleD, DnleE, DnleF and DnleG C rodentium ( figure S2) ),
suggesting that either multiple type III secretion system effectors are responsible for the Cx43 alterations or other bacterial components are needed. Ultrastructural analysis confirmed the localisation of Cx43 at intercellular gap junctions in uninfected and control infected mice and demonstrated Cx43 localisation at the apical and lateral cellular boundaries (data not shown) in colonocytes of wild-type infected mice ( figure 3 and figure S3 ). The ultrastructural analysis also showed that the apical membrane remained intact throughout these bacterial infections (figure S4) The Cx43 antibody also non-specifically labelled the bacteria (figure 3 and figure S3 , S5), a reaction that has been seen with antibodies generated from rabbit hosts. 16 Consequently, the Cx43 antibody was pre-incubated with C rodentium prior to immunofluorescence localisation in order to accurately localise Cx43 in the host cells.
Based on the immunofluorescence results we suspected that the protein levels in infected colonocytes would likely demonstrate an even greater increase in Cx43 protein levels as compared to whole colon lysates. To further investigate the protein expression in colonocytes, we harvested colonic epithelial cells (figure S1) and used western blot analysis to examine Cx43 levels in these preparations. Cx43 levels increased over eightfold as compared to uninfected controls and more than sixfold as compared to DescN C rodentium infected lysates ( figure   S1 ). Additional western blots confirmed an increase in Cx43 protein at colonocyte membranes (figure 1) which, when coupled with the apical localisation of Cx43, suggested the potential presence of unpaired connexon hemichannels.
Unpaired functional Cx43 hemichannels are generated during A/E pathogenesis
We investigated the hypothesis that connexin hemichannels were generated during infection by taking advantage of connexin mimetic peptides that have been shown to bind to the extracellular regions of connexins. 17 18 Using biotin tagged GAP 26 and GAP 27 peptides that bind to Cx43 and Cx43/Cx37, we rectally delivered these peptides into the lumen of the colon for short periods of time, 6 min and 1 min, respectively, and found that these peptides bound to infected colonocyte membranes while biotin-tagged scrambled peptide controls did not (figure 4). The short exposure time was used because others have suggested that these peptides act on connexin hemichannels in vitro during short exposures <30 min 19 and fully formed gap junctions only after prolonged times >30 min. 18 Shorter exposure time also limited potential degradation of the peptides by the luminal contents. Although the GAP 27 peptide can bind to both Cx43 and Cx37, evidence with our GAP 26 peptide, coupled with the fact that Cx37 is an endothelial connexin, 20 supports the conclusion that the peptides bound to Cx43 proteins which are present as unpaired Cx43 hemichannels at the apices of infected colonocytes.
Based on the Cx43 antibody and peptide labelling at the apical membranes of infected colonocytes, we tested whether these Control tissue demonstrated that Lucifer Yellow did not penetrate into the epithelium, but there was some detectable incorporation into a few cells (likely goblet cells) ( figure 5 ). To confirm that Lucifer Yellow entered infected colonocytes through apically located gap junction hemichannels, and not laterally located connexons, the Lucifer Yellow tracer experiment was performed using mice infected with DespF C rodentium. We have previously demonstrated that EspF is responsible for the in vivo disruption of tight junctions and tight junctions maintain their normal barrier function during infection when infected with strains lacking EspF. 2 Upon addition of the tracer to the distal colons of DespF C rodentium infected mice, Lucifer Yellow fluorescence mimicked the wild-type C rodentium data (figure 6), demonstrating that gap junction hemichannels are present apical to the tight junctions of infected colonocytes and that EspF, and loss of tight junctions, are not responsible for the alteration of connexon hemichannels.
Connexin43 contributes to diarrhoea during C rodentium infections
The movement of small molecules (primarily ions) out of enterocytes has been shown to influence stool hydration. 21 Because Cx43 hemichannels are generated during these enteric infections and diarrhoea is a prominent phenotype of this disease 2 15 we set out to determine if Cx43 hemichannels influenced diarrhoea generation. To examine this, we infected Cx43 heterozygotic mice for 7 days and compared them to infected wild-type littermates. Cx43 heterozygotic mice were used because Cx43 null mice do not survive due to heart defects. 22 During 7-day C rodentium infections, significant differences in the abundance of water in the lumens of the distal colons of infected Cx43 heterozygotic mice were observed when compared to infected wild-type mice. Approximately 15% less water was found in the colon contents of Cx43 (+/À) mice as compared to infected wild-type littermates (figure 7). Significant differences were not observed in C rodentium colonisation levels between the two groups or in luminal water levels in the distal colons of uninfected mice (figure 7).
DISCUSSION
Our analysis of Cx43 during in vivo infections provides the first evidence of connexon hemichannels in the intestine and demonstrates a novel molecular mechanism involved in diarrhoea generation. Through the formation of functional, unpaired connexin channels at the cell apices, lumenal water levels are altered. These alterations conceivably stem from the transcellular release of electrolytes and other small molecules into the extracellular, luminal milieu ( figure 8 ). The idea of small molecule release from connexin hemichannels due to bacterial pathogens is not exclusive to our system as others have previously demonstrated that Shigella flexneri uses connexin-26 to release ATP from the host cells, which increases bacterial invasion and spreading in vitro. 23 It has been proposed for many years and by various laboratories that, in addition to alterations to gastrointestinal motility 24 and water channels, 15 the transport of ions out of intestinal cells contributes to the molecular mechanisms of diarrhoeal generation. 8 9 25 Although most A/E infection studies have suggested that this may occur through ion channels/ exchangers or tight junction alterations (reviewed by Guttman and Finlay 26 27 ), our data indicate that connexon hemichannels are also involved. This concept is supported by in vivo murine infections with DespF C rodentium. These infected mice have intact tight junctions but still have increased amounts of water in the lumen of their distal colons when compared to controls. 2 Also, there is a significantly decreased luminal water abundance phenotype when Cx43 het mice are infected with wild-type C rodentium and compared to wild-type mice infected with C rodentium. Although our strategy for assessing luminal water content has been adopted by other laboratories, 28 29 an ongoing challenge is that despite our best abilities some samples occasionally appear extremely desiccated. Such was the result when some of the uninfected wild-type mice and Cx43 heterozygotic mice were assessed. To present the data as unbiased as possible we included all of the data that arose from those studies and despite the three to four samples in each uninfected group which resulted in an overly desiccated phenotype, the mean water levels in the samples remained in the same range as we and others have reported 2 15 28 and resulted in no significant differences between the two groups. This is likely due to the relatively large sample size used for those untreated controls. Interestingly, when the overly desiccated uninfected samples are removed from the calculation, the mean water levels in the wild-type mice results in w75% water and w69% water in lumens of the colons of the Cx43 heterozygotic mice. The water abundance in the luminal contents of the C rodentium infected Cx43 heteroygotic mice was also w69% thus resulting in essentially no change in luminal water levels where as the C rodentium infected wild-type mice resulted in a diarrhoea phenotype. Although there are likely a variety of factors that contribute to the diarrhoea generated during A/E infections, the significant decrease in water abundance from the alteration of a single host factor is not surprising as individuals with modifications to one of these factors such as: (1) mice with altered levels of the cystic fibrosis transmembrane conductance regulator (an ATP-gated chloride channel); (2) people suffering from cystic fibrosis; and (3) mice with mutated serotonin receptors (that decrease gastrointestinal motility) often result in dehydrated stool levels that can lead to constipation and death. 30 31 C rodentium is the most widely used model of human A/E bacterial infections as it contains a similar set of effectors as the human A/E pathogens enteropathogenic E coli and enterohaemorrhagic E coli, colonises the colon and causes a diarrhoea phenotype in infected animals. The presence of Cx43 hemichannels at the apices of infected colonocytes lends itself to the question: What is the mechanism of induction? Through western blotting we know that Cx43 protein levels are increased during these infections. However, a specific effector was unable to be singled out as solely responsible for this upregulation. This could be (1) because multiple effectors are involved in the alteration of Cx43 levels or (2) that effectors that could not be tested due to a lack of attachment to the host cells and thus a deficit in colonisation are potentially involved. Despite this, the similar nature of the murine and human infections suggest that the host factors influencing the disease are likely comparable. However, this requires further testing. Should the Cx43 alterations seen during these murine infections prove homologous to infectious diarreal disease in humans there are a variety of drugs that have been used to inhibit connexons hemichannels in cultured cells. 5 32 33 These chemical inhibitors will require examination for their ability to block this mechanism of diarrhoea generation. Consequently, the potential for infectious diarrhoeal therapies are vast and will undoubtedly be the focus of upcoming research. 
